ABSTRACT: This paper presents velocities of present-day tectonic movement and strain rate in the East
INTRODUCTION
The East Vietnam Sea has been regarded as a marginal sea in the West Pacific Rim. The eastern margin of the East Vietnam Sea is rather complex with an occurrence of two subduction zones dipping in two opposite directions: a subduction zone along the Manila trench dipping to the east and another zone along the eastern margin of the Philippines dipping to the west. Over the past 3 decades, various models have been proposed that explain this deformation either by viscous flow of a continuously deforming medium [1] or by motion of rigid lithosphere blocks along narrow fault zones [2] . A well-defined East Vietnam Sea region's motion allows for better assessment and further improvement of these models. The result of the project "Geodynamics of South and Southeast Asia" (GEODYSSEA) confirmed Sunda as a coherent block which moves with respect to Eurasia and is separated from the Siberian platform through a series of deforming and moving blocks [3] . Since 1998 the GPS network in SE Asia has been significantly expanded with both campaign sites and continuously operated stations in the project "Southeast Asia: Mastering Environmental Research with Geodetic Space Techniques" (SEAMERGES). The Sunda block covers a part of Southeast Asian countries like Vietnam, Laos, Cambodia, Thailand, Malaysia, Brunei and Indonesia. It is bounded by active subduction zones like Philippine, Australian, and Indian submerged plates represented by large earthquakes and the majority of seismicity. Sundaland bock is bounded to the north by the southeasterly part of the IndiaEurasia collision zone and the South China block.Sunda interior is represented by a real low and shallow seismicity. This suggests Sundaland block moves as a rigid lithosphere block, although its tectonic origin is not monolithic [4] . Recent study of Simons et al. [2] indicated that Sundaland moves eastward at a velocity of 6 ± 1 mm/yr to 10 ± 1 mm/yr from south to north, respectively. Previous studies demonstrated that there is no difference in present day movement between Sundaland and South China blocks [3, 5] Sundaland is shown to move independently with respect to South China, the eastern part of Java, the island of Sulawesi, and the northern tip of Borneo. To the northeast, the southeastern part of the Red River fault [6] [7] [8] makes a geological boundary between the Sundaland and South China blocks (figure 1). Today it corresponds to a great right-lateral fault, following for over 900 km of the edges of four narrow high-grade gneiss ranges that together form the Ailao Shan-Red River metamorphic belt: the Con Voi mountain range in Vietnam, and the Ailao, Diancang and Xuelong Shan in Yunnan. The deformation along the Red River fault is smaller than 5 mm/yr slip estimated from neotectonic studies [6, [9] [10] [11] . The strain field is compatible with right lateral displacement, but deformation across this fault zone shows small at the present time (Feigl et al., 2003) . The Red River fault ends in the Red River Basin, characterized by a small and decreasing strain rate in the East Vietnam Sea [2] . The Red River basin was considered as a diffuse boundary zone between Sundaland and East Vietnam Sea, where the Red River fault no longer has a clear surface expression. The deformation to the southwest of the Red River fault is accommodated by multiple NE-SW strike-slip faults [12] .
The great 2004 Sumatra earthquake was in the case which was related to convergent process along the Sunda subduction zone between the Indian-Australian plate and the Eurasian plate. For the assessment of tsunamis in Vietnam, we have to study not only Manila subduction zone, but also local sources of tsunami such as NW Borneo subduction zone and fault system at the margin of the East Vietnam Sea. These fracture zones are marked by some workers [2, 8, 13] . We have to answer 2 questions related to the existence of an active subduction zone at NW Borneo and how fast movement of active Western Margin Fault Zone (WMFZ). WMFZ is located at the westerly border of the East Vietnam Sea (figure 1). This fault zone has a long story in the evolution of the East Vietnam Sea. Some workers suggested that WMFZ is a large active fault zone that is a main source of earthquake and tsunami in East Vietnam Sea [8] .
In this study, we give a novel solution to present-day tectonic movement in Vietnam Sea and adjacent field on the footing of our data from 2007 -2010 GPS campaigns in the East Vietnam Sea and a combination of GPS solutions from previous works such as "Permanent Committee on GIS Infrastructure for Asia and the Pacific" (PCGIAP), "Asia Pacific Regional Geodetic Project" (APRGP), "Crustal Movement Observation Network of China" (CMONOC).
In order to clarify deformation in the East Vietnam Sea, we combined various GPS solutions to determine the strain rate on East Vietnam Sea. Our attention is paid to the WMFZ and subduction zone at NW Borneo, which are known as the highest seismogenic potential faults in the East Vietnam Sea. [14] and BERNESE 5.0 with a cutoff elevation angle of 10 degrees. Each point position was based on the ionosphere free combination of the zerodifference GPS observable at 5 minute intervals. Troposphere delays and gradients were stochastically estimated at each interval. Ocean loading effects were modeled. The individual point positions were merged into daily full-network solutions. The daily ambiguity-fixed solutions were combined with multiday averaged solutions using a sevenparameter Helmert transformation, in order to condense the results and to facilitate the detection and down-weighting of outliers. In each campaign, daily solutions were averaged over the campaign length, which varied from 7 to 12 days. The overall repeatability statistics of each combination solution were used to determine the formal errors in their covariance matrices. Formal errors were typically underestimated in GPS processing results. Assigning realistic error estimates to the coordinates should result in more realistic velocity uncertainty estimates. In general, the daily coordinaterepeatswere 2 -3 mm in the north and east horizontal positions, respectively, and 8 -9 mm for the height (figure 2). The campaign fiducially-free network solutions were transformed into the IGS05 using the coordinates and velocities of well determined global IGS stations to estimate seven-parameter Helmert transformations. The remaining IGS sites, including NTUS, BAKO, and PIMO in SE Asia, were adjusted along with the local network.
MATERIALS AND METHODS

We
Fig. 2. GAMIT's standard errors of daily bias-fixed solution in the relation with baseline lengths
Strain rate for each triangle was calculated by using QOCA software [15] . The principle of calculation of strain rate and error was represented by [15, 16] . Normal and shear strains were firstly calculated for each triangle and transferred to the principal strain rate and the direction of principal strain rates. Maximum shear train rate and rotation rate for each triangle are also calculated.
RESULTS
Absolute velocities processed from two softwares GAMIT and BERNESE are represented in figure 3 and table 1. The result indicates that the Lang station (LANG) moves eastward at slip rate of ~39 mm/yr, southward at slip rate of ~11 mm/yr. The rate of Bach Long Vi (BLV1) is ~30 mm/yr for the eastern component and ~11 mm/yr for southern component. Song Tu Tay (STT1) moves eastwards at the rate of ~24mm/yr and southwards at 8 mm/yr. Con Dao (CDA1) moves to the east at the rate of ~22mm/yr and to the south at the rate of ~6 mm/yr. Dong Hoi (DOHO) moves to the east at the rate of ~27 mm/yr and to the south at the rate of ~8 mm/yr. Hue (HUES) moves to the east at the rate of ~30 mm/yr and to the south at the rate of ~12 mm/yr. The HOCM moves to the east at the rate of ~22 mm/yr and to the south at the rate of ~10 mm/yr. Calculated errors in both directions vary from 0.6 to 1.5 mm/yr. The result shows that velocities determined from GAMIT and Bernese at HUES and CDA1 are rather different. In Western plateau, the first result from 2012 -2013 GPS measurement shows that the velocities to the east vary from 21.5 mm/yr (station DPO0) to 24.7 mm/yr (station NHAT). The velocities to the south vary from 10.5 mm/yr (station PQUY) to 14.64 mm/yr (station DATO). The relative slip rate of LANG, BLV1, DOHO, HUES, CDA1, HOCM were determined by fixing STT1. The result is represented in table 2. In comparison to STT1, DOHO, CDA1 and HOCM move to the north at the rate from 1.0 ± 1.8 mm/yr to 6.3 ± 1.9 mm/yr, to the west at the rate from 0.0 ± 1.8 mm/yr to 0.7 ± 1.8 mm/yr. To calculate the strain rate of the East Vietnam Sea, we combine our GAMIT solution with velocities of YONG, JB21, XIAM from Hu et al. (2007) , TNSM from Yu et al. [17] , KUCH, MIRI, LINA from PCGIAP & APRGP [18] , PUER from Simons et al. [2] . The solution from Bernese is not used in this calculation as the error is too small in comparison to the error of GAMIT. We will discuss later. Velocities from [2, 18] were transferred from ITRF2000 to IGS05 reference by using QOCA software. The results of strain rate calculated by QOCA are represented in table 4 and figure 4. The errors of principal strain rate at the triangles T14 and T15 are only 0.2-0.3nano-strain/yr thanks to the high precision of continuous GPS sites YONG, JB21, XIAM. Extensive principal strain rate ranges from -1.7 nanostrain/yr ± 0.2 nanostrain/yr to 19 nanostrain/yr ± 3.3nanostrain/yr. The compressive principal strain rate varies from -15 nanostrain/yr±6.4 nanostrain/yr to -2.1 nanostrain/yr ±1.7 nanostrain/yr. Maximum shear strain rate is from 1.0 nanostrain/yr ± 0.2 nanostrain/yr to 10.2 nanostrain/yr ± 3.9 nanostrain/yr. The field of strain rate of continental shelf of the East Vietnam Sea demonstrates that presentday deformation is in transitional regime. [2, 25] The result shows that the standard errors obtained from Bernese are much smaller than those derived from GAMIT. The effect of incomplete stochastic model, mainly due to neglecting the physical correlations in the observed time series, can be seen in the software-generated variance covariance matrix. A number of the GPS processing softwares consider the variance-covariance matrix of the observations without correlation, or simply deal with the diagonal components only. As a result, the quality assessment of the estimation could be too optimistic. The optimistic variance covariance matrix for GAMIT and Bernese GPS softwares was reported by Kashani et al. [29] . The variance-covariance matrix derived from GPS processing software underestimates the magnitude of the error, mainly due to the fact that physical correlations are normally neglected [29] . Formal accuracies derived from both softwares need to be scaled by applying a scaling factor that multiplies the softwarederived formal errors. In order to test the reliability and the validity of the variancecovariance matrix in both softwares, Kashani et al. [24] indicated that the overall scaling factor for GAMIT is over 10 times less than that for Bernese. The scaling factor for GAMIT in our case is also over 10 timesless than that for Bernese.
The result shows that the calculated velocities between GAMIT and Bernese are rather different for some stations such as HUES and CDA1. The cause of the difference of velocities determined by two softwares in CDA1 is not so clear. However, CDA1 is blocked by a crest of the mountain with the angle larger than 20 to the north. Simons et al. [12] assumed that the Sunda block is fixed, displacement estimation of some stations at NW Borneo indicated that there is a NW-SE compressive component. From this, they argued that there is a compressive boundary of the Sunda block running along the tip of northern Borneo. With measured results at Con Dao, Ho Chi Minh city and Song Tu Tay, in comparion with GPS solutions at Palawan [2] and Borneo from PCGIAP and APRGP [18] , we identified no significant difference of velocities at STT1, CDA1 in East Vietnam Sea and KUCH, MIRI, KINA in NW Borneo. Maximum strain rates at the triangle T11, T12, T13 and T14 range from 2 to 7 nanostrain/year. This is contrary to the results of Simons et al. [2] . Our result indicates that there is no existence of an active subduction zone at North Borneo and the boundary of the Sunda block is shifted to the south of Borneo because there is a great change of velocities across the boundary. No existence of an active subduction zone at NW Borneo is justified by the absence of inverse earthquake focal mechanisms in this area. Shortening in the delta toe at NW Borneo is purely related to the upslope gravitational extension [30] . The difference of our solution and Simons et al. [2] may be due to 3 causes: 1) Sunda block is not completely rigid but small deformed. Local deformation in the East Vietnam Sea is identified thanks to denser GPS network in this study. The compression at NW Borneo recognized by Simons et al. (2007) is the result of the comparison between NW Borneo and the center of Sunda; 2) Our measurement is in post-seismic time after 2004 Sumatra-Andaman earthquake. The effect of Sumatra-Andaman earthquake is very important. Co-seismic jumps of 3-5 mm were detected at NW Borneo and East Vietnam Sea [17] . After the 2004 Sumatra earthquake, the post-seismic deformation has been very significant in the far-field; SST1 and NW Borneo have moved more than 3 times compared to the initial co-seismic displacement (Simons, personal communication, 2011 Combining our measurement with the velocity at PUER in Palawan, we identify a large extension in the triangle T14 in table 2. The velocity at PUER site is from Simons et al. (2007) . However, this velocity was recorded before the Sumatra Andaman earthquake. To estimate the error produced from the combination of velocities determined after Sumatra-Andaman earthquake and velocities recorded before the earthquake, we calculate the strain rate with the velocities of TABA, BRUN, and PUER recorded before SumatraAndaman earthquake from [2] . The result is represented in table 4. We note that the coordinate of T11, T12, and T13 in table 2 is quite different from to the coordinate of T11, T12, and T13 in table 3. The compressive strain rate is not significantly different, but the extensive strain rate changes from 2 to 6 nanostrain/yr. The error 6 nano-strain/yr of extensive strain rate of T11, T12, and T13 in table 4 is also larger than the error in table 2. This means the large extension in T14 is mainly from regional tectonics. This extension has to be studied in the future.
WMFZ is located in the area bounded by the rays STT1-DOHO and STT1-CDA1 (figure 1). The velocities of HUES and LANG are not considered due to symmetric properties of mesh size of deformation network. The result in the table 2 shows that DOHO, CDA1 and HOCM move to the east at the rate from 1.0 ± 1.8 mm/yr to 6.3 ± 1.9 mm/yr, to the north at the rate from 0.0 ± 1.8 mm/yr to 0.7 ± 1.8 mm/yr. This indicates that WMFZ is left strike-slip fault with compressive component. Maximum left lateral slip rate of this fault zone is less than 2.5mm/yr. Earthquake focal mechanisms in this fault zone are consistent with the left lateral displacement of this fault zone. The result in the table 4 shows that the principal strain rate at the triangle T9 is in order of several nano-strain/yr. The maximum shear strain rate is less than 6 nano-strain/yr. The directions of maximum and minimum principal strain rates are consistent with left lateral strike slip of WMFZ. The earthquake focal mechanisms in this area are compatible with the distribution of the direction of principal strain rates. The earthquakes occurring along this fault zone can not produce tsunamis because tsunami is related only to dipslip faults. Duong & Feigl [31] identified the maximum rate of dextral shear along the Red River fault being less than 0.3 μrad/year. Feigl et al. [32] considered that the Red River fault did not slip faster than 2 mm/yr between 1994 and 2001. Simons et al. [2] considered that this fault zone is the northern boundary of Sunda block. Michel et al. [3] , Iwakuni et al. [5] showed no significant differential motion between the Sunda and South China blocks. Our result in the East Vietnam Sea also presents no significant variation of displacements between two blocks. However, through analysis of strain rate in the triangle T2, we obtain maximum principal strain rate and maximum shear strain rate in order of 10-8 (?)/year. This value is higher in comparison with that of other places in Sunda blocks. The distribution of the direction of maximum and minimum principal strain rates shows that it is consistent with right lateral strike-slip sense of the Red River fault zone. Stations move to the southeastat the rate of ~22mm/yr and to the south at the velocities of 7-11 mm/yr. The deformation in the East Vietnam Sea is low with the principal strain rate from 2 nano-strain/year to 15 nanostrain/year. Thanks to higher GPS networks from this study in combination with other GPS solutions of different projects, we can make in evidence local deformation in the East Vietnam Sea. Strain field in continental shelf is in transitional regime, compatible with earthquake focal mechanisms and state of stress in this area, but in some areas, we can observe compressive regime like in T4, T8, T11. The deformation along the Red River basin is rather high with a maximum shear strain rate of 10 nano-strain/year, butit is rather low in the south of Vietnam -North Borneo with maximum shear strain rate of 2 nano-strain/year. In particular, this study makes in evidence a local extension at NW tip of Borneo, instead of an active subduction zone suggested by previous study. The result of this study suggests that there is no local source of tsunami located on the western margin of the East Vietnam Sea and North Borneo. Due to short time of investigation, the error of relative movement of WMFZ is larger than 1.8mm/year. Maximum left lateral slip rate of this fault zone is less than 2.5mm/yr.
